Introduction {#Sec1}
============

Diabetes mellitus (DM) is a disease based on a metabolic disorder characterized by a consistently increased level of blood glucose. There are two types of DM; Type I DM in which the pancreatic beta cells do not produce insulin and Type II DM in which insulin is produced insufficient levels or it is not fully utilized by cells. Both types of DM are accompanied by major chronic complications, including microvascular complications such as neuropathy, nephropathy, and retinopathy, as well as undefined body weight loss \[[@CR1]--[@CR3]\].

Diabetic nephropathy, also called diabetic kidney disease, is characterized by both ultra-structural and morphological alternations in the kidney \[[@CR4]\]. In the glomeruli, there is mesangial expansion, and thickening of the basement membrane along with tubular hypertrophy \[[@CR5]\]. Furthermore, diabetic nephropathy causes several metabolic alterations, change in blood circulation, generation of abundant reactive oxygen species (ROS) and nitrogen species, in addition to excess production of inflammatory cytokines or C-reactive protein \[[@CR6]--[@CR8]\]. The elevation in such inflammatory markers might act as risk factors for developing diabetic complications in the chronic condition \[[@CR9]\], particularly in the pathogenesis of diabetic nephropathy \[[@CR3]\]. Hyperglycemia is the major risk factor for diabetic nephropathy through the formation of advanced glycation end products that promote the production of redundant ROS \[[@CR10]\]. Dyslipidemia is a progressive kidney disease that generally occurs in diabetic patients as a common complication, characterized by a high level of triglyceride and decreased level of high-density lipoprotein (HDL). Dyslipidemia results in kidney damage and plays an essential role in the progression of renal failure \[[@CR11]\].

Melatonin (5-methoxy-*N*-acetyltryptamine), is one of the most potent antioxidants that is secreted by the pineal gland with a daily rhythm. It is assumed that melatonin is a natural antioxidant attributed to the management of several diseases, such as obesity, diabetes \[[@CR12]\], and cardiac disorders \[[@CR13]\] and can increase the activities of antioxidant enzymes by scavenging ROS \[[@CR14]\]., Additionally,folic acid is a member of the vitamin B-complex that is essential for many biological functions, especially cell division and exerts antioxidant activity by scavenging free radicals in vivo \[[@CR15]\]. It has been established that folic acid reduces the plasma homocysteine levels and enhances endothelial function in diabetic patients \[[@CR16]\]. So far, no previous study has reported the synergistic effect of melatonin and folic acid in treatment of diabetic nephropathy. Therefore, the present investigation is a trial to evaluate the effects of melatonin and folic acid (two promising natural antioxidants) separately and in combination to alleviate symptoms of diabetic nephropathy.

Material and methods {#Sec2}
====================

Animals {#Sec3}
-------

Mature Wistar albino male rats weighing 160--190 g were obtained from the National Research Centre Laboratory (Dokki, Giza, Egypt). They were kept in standard polypropylene cages under stable environmental conditions with equal light-dark cycles. Rats were fed a normal pellet diet and water ad libitum.

Ethics statement {#Sec4}
----------------

This study was performed in accordance to the the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH publication No. 85--23, revised 1996), and the regulations of Animal Care and Use of National Research Centre in Egypt.

Induction of diabetes {#Sec5}
---------------------

A single dose of freshly prepared STZ (50 mg/kg, dissolved in 0.1 M cold citrate buffer, pH 4.5) was administered for the induction of DM in overnight-fasted rats as described previously \[[@CR17]\]. Rats were tested for the induction of DM after 3 days of STZ administration by evaluating their fasting blood glucose levels via a commercial glucometer (BIONIME GmbH, Switzerland). Only rats with fasting blood glucose levels \> 200 mg/dL were included in the present study. The diabetic rats, after confirmation of DM induction were treated with the test chemicals on the third day from the STZ injection.

Experimental design {#Sec6}
-------------------

Forty-two male rats were divided into six groups (n =7 per group) as follows:

Group I*,:* normal control (negative control without any treatment, CN);

Group II*,:* positive control (diabetic rats without any treatment, DM);

Group III*,:* diabetic rats treated with a daily dose of folic acid at 100 mg/kg bodyweight for 6 weeks (STZ + F) \[[@CR18]\];

Group IV,*:* diabetic rats treated with melatonin at10 mg/kg for 6 weeks (STZ + M) \[[@CR19]\];

Group V,*:* diabetic rats treated with melatonin and folic acid for 6 weeks (STZ + F + M);and.

Group VI,*:* diabetic rats treated with glibenclamide (an established drug against DM type 2) at 5 mg/kg body weight (STZ + GLB) \[[@CR20]\].

Preparation of biological test samples {#Sec7}
--------------------------------------

### Blood samples {#Sec8}

Blood samples from the treated animals were taken at 2,4 and 6 weeks from a retro-orbital vein in the heparinized collecting tubes. The plasma was separated from the samples and stored in the Eppendorf tubes at − 30^∘^C for biochemical analysis.

### Kidney homogenates {#Sec9}

The kidneys of the treated rats were rinsed with isotonic saline, and their homogenates were prepared immediately (10% \[w/v\] in 0.1 M phosphate-buffered saline, pH 7.4) using a tissue homogenizer. Their supernatants were prepared by centrifugation and were used to measure antioxidant parameters.

### Lipid profile in plasma samples {#Sec10}

The lipid profile, including cholesterol, triglycerides, HDL, and LDL were measured in the plasma samples colorimetrically by using commercial kits (Salucea Company, Netherlands).

### Kidney function tests {#Sec11}

The levels of creatinine, uric acid, urea, and protein were determined in the plasma samples by colorimetric methods using kits produced by Salucea Company, Netherlands. Furthermore, the levels of sodium and potassium were determined by using a flame photometer (A. Kruss, FP8700-with dilution, Germany).

### Oxidative stress parameters in the kidney {#Sec12}

All of the critical oxidative stress parameters, including malondialdehyde (MDA), glutathione (GSH), nitric oxide (NO), catalase (CAT), and superoxide dismutase (SOD) were determined by the colorimetric kits (Bio-diagnostic, Egypt).

### Urine parameters {#Sec13}

After the treatment period, the rats were kept in metabolic cages for 24 h for urine collection. The samples were centrifuged at 1400 rpm for 5 min and then supernatant was collected to determine urinary albumin using the standard kit (Salucea Company) whereas sodium and potassium was determined by using a flame photometer.

### Immune system parameters in the plasma samples {#Sec14}

Levels of tumor necrosis alpha (TNF- α), interleukin 6 (IL-6) and interleukin 10 (IL-10) were determined using the commercial ELISA kits (R&D Systems, USA).

### Renal histological study {#Sec15}

The kidney sample from each animal was processed. The tissue sections were fixed in 10% neutral buffered formalin and embedded in paraffin. The paraffin sections (5 μm) were then stained with hematoxylin-eosin (H&E). According to Dommels et al. \[[@CR21]\], histopathological changes were scored. A rating between (−: for no change) and (+++:for severe damage) was considered for each investigated section.

### Statistical analysis {#Sec16}

Statistical analysis of the data was performed using SPSS 17.0 (SPSS Corp., Armonk, NY, USA). One-way ANOVA was used to compare those five subfields ability followed by LSD multiple comparisons. The results were expressed as mean ± standard error (mean ± SE). A probability value (p) less than 0.05 was considered statistically significant.

Results {#Sec17}
=======

Effect on body weight {#Sec18}
---------------------

The statistical analysis revealed that the body weights of the diabetic rats was significantly decreased (P \<0.001) by 43%when compared to the control rats at 6 weeks after the diabetes induction (Fig. [1](#Fig1){ref-type="fig"}). Interestingly, differently treated diabetic rats (STZ + F, STZ + M, STZ + F + M) had significantly restored body weights (41, 41, and 67%, respectively) after the same period of diabetic induction in comparison to the non-treated diabetic rats. Treatment by folic acid in combination with melatonin (STZ + F + M) was found to significantly restore the body weight (276 g) to that of the control rats (289 g), while rats treated with either folic acid or melatonin only regained their body weights to 232 g in comparison to the control (289 g). These results remarkably revealed that the treatment by folic acid in combination with melatonin (STZ + F + M) was better than either that of folic acid or melatonin only (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Body weight after2, 4 and 6 weeks in different groups. The letters a (*p*-value \< 0.05), b (*p*-value \< 0.01) and c (*p*-value \<0.001) indicate the significant differences in the different rat groups in comparison to the control (CN) group. The letters x (*p*-value \< 0.05), y (*p*-value \<0.01) and z (*p*-value \<0.001)) indicate significant differences in the different rat groups in comparison to the diabetic (STZ-treated) group

Effect on plasma glucose level {#Sec19}
------------------------------

The statistical analysis confirmed the induction of diabetes in the diabetic rats. As presented in Fig. [2](#Fig2){ref-type="fig"}, the level of glucose in the plasma was significantly increased to 420 mg/100 ml in comparison to that in the control rats (75 mg/100 ml). Treatment of diabetic rats with folic acid only, melatonin only, or the combination of both folic acid and melatonin for 6 weeks was found to significantly attenuate (P \<0.001) this elevation of plasma glucose level (decrease of 27, 34,and 38% respectively) in comparison to the non-treated diabetic rats. Improvements in the glucose level in the three groups (STZ + F, STZ + M, STZ + F + M) was time-dependent, with the STZ + F + M rats having superior improvements compared to the other two treated groups (STZ + F,STZ + M). Fig. 2Glucose levels in the different groups. The letters a (*p*-value \< 0.05), b (*p*-value \<0.01) and c (*p*-value \<0.001)) showing the significant of the different rat groups in comparison to the control (CN) group. The letters x (*p*-value \< 0.05), y (*p*-value \<0.01) and z (*p*-value \<0.001)) indicate significant differences in the different rat groups in comparison to the diabetic (STZ-treated) group

Urine volume, albumin, and electrolytes (6 weeks post-treatment) {#Sec20}
----------------------------------------------------------------

### Urine volume {#Sec21}

DM rats showed a significant increase (P \<0.001) in urine volume. However, with the improvement of glucose levels in treated STZ-rats, especially STZ + F + M rats, the urine volume was significantly decreased (P \<0.001) (29 ml/24 h) in comparison to the control diabetic rats (83 ml/24 h).

### Albumin concentration in urine {#Sec22}

Diabetic rats showed significantly increase (P \<0.001) concentrations of albumin in urine when compared to that of control rats. However, in the treated diabetic rats, especially STZ + F + M rats, the albumin concentration in urine was significantly (P \<0.001) improved (7.5 g/dl.) in comparison to the control diabetic rats (24 g/dl) (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Urine volume throughout the 24 h period. Concentrations of albumin, Na^+,^ and K^+^ in urine, and Na^+^ and K^+^ in plasma from different rat groups. The letters a (*p*-value \< 0.05), b (*p*-value \<0.01) and c (*p*-value \<0.001)) indicate significant differences in the different rat groups in comparison to the control (CN) group. The letters x (*p*-value \< 0.05), y (*p*-value \<0.01) and z (*p*-value \< 0.0001) indicate significant differences in the significant of the different rat groups in comparison to the diabetic (STZ-treated) group

### Na^+^ levels in urine and blood {#Sec23}

Diabetic rats showed a significantly impaired levels of Na^+^ level in the urine as well as in the blood. Na^+^ level decreased significantly (P \<0.001) in the urine (55%) while it was significantly increased (P \<0.001) in the plasma (55.5%) of diabetic rats compared to that of the control rats. However, Na^+^ levels were significantly restored in the urine (64 mmol/L) and plasma (142 mmol/L) of STZ + F + M rats when compared to that of control rats (75 and, 117 mmol/L, respectively) (Fig. [3](#Fig3){ref-type="fig"}).

### K^+^ levels in urine and blood {#Sec24}

Diabetic rats demonstrated significantly impaired K^+^ levels in their urine and blood. K^+^ levels decreased significantly (P \<0.001) in their urine and plasma compared to that of control rats. However, K^+^ levels were restored considerably in the urine (44 mmol/L) and plasma (9.4 mmol/L) of STZ + F + M rats when compared to that of control rats (54 and 10 mmol/L, respectively) (Fig. [3](#Fig3){ref-type="fig"}).

Lipidogram in plasma {#Sec25}
--------------------

### Cholesterol and triglycerides {#Sec26}

The concentrations of cholesterol and triglycerides were significantly elevated (P \<0.001) in the diabetic rats in comparison to control rats. The levels of cholesterol or triglycerides in the diabetic rats treated with folic acid, melatonin, and the combination of both were significantly (P \<0.001) restored partially after 6 weeks of treatment in a time-dependent manner in comparison to the control rats (Fig. [4](#Fig4){ref-type="fig"}a). Fig. 4**a** Plasma concentration of cholesterol and triglycerides, **b** Plasma concentration of LDL and HDL after 2, 4 and 6 weeks in different groups. The letters a (*p*-value \< 0.05), b (*p*-value \<0.01) and c (*p*-value \<0.001)) indicate significant differences in the different rat groups in comparison to the control (CN) group. The letters x (*p*-value \< 0.05), y (*p*-value \<0.01) and z (*p*-value \<0.001)) indicate significant differences in different rat groups in comparison to the diabetic (STZ-treated) group

### LDL {#Sec27}

Diabetic rats showed a significant increase (P \<0.001) of LDL to 259% of levels observed in control rats. After the diabetic rats were treated for 6 weeks with F, M, or F + M, the levels of LDL were significantly restored to control values, especially in STZ + F + M rats (34 mg/100 mL) in comparison to that of control rats (25 mg/100 mL) (Fig. [4](#Fig4){ref-type="fig"}b). Improvements in the treated diabetic groups were observed in a time-dependent manner.

### HDL {#Sec28}

The results indicated a significant decrease (P \<0.001) of HDL level throughout the study period was at a minimum after 6 weeks (30 mg/100 mL) in comparison with that of control rats (45 mg/100 mL). After diabetic rats were treated for 6 weeks with folic acid, melatonin, or both, the level of LDL was significantly restored (P \<0.001) to that of control rats, especially in STZ + F + M rats (45 mg/100 mL) in comparison to that of control rats (45 mg/100 mL) (Fig. [4](#Fig4){ref-type="fig"}). Improvements in the treated diabetic groups were observed in a time-dependent manner (Fig. [4](#Fig4){ref-type="fig"}b).

Kidney function tests {#Sec29}
---------------------

As shown in Fig. [5](#Fig5){ref-type="fig"}, diabetes impaired the levels of urea, uric acid, creatinine, and total protein (73, 5.8, 3.8, and 3.1 mg/dl, respectively) in comparison to that of control rats (23, 1.7, 0.4, and 7.6 mg/dl, respectively).The diabetic control rats exhibited a significant increase (P \<0.001) in the levels of urea, uric acid, and creatinine as well as a significant decrease (P \<0.001) in protein level. Diabetic rats treated with folic acid, melatonin, or both showed significant (P \<0.001) improvements in their levels of urea, uric acid, creatinine, and total protein (36, 2.4, 2, 7.3 mg/dL) in comparison to that of control diabetic rats (73, 5.8, 3.8, and 3.1 mg/dL, respectively). A statistical analysis showed that the STZ + F + M rats had superior improvements, especially with respect to total protein levels returning to control levels. Fig. 5Plasma concentration of urea, uric acid, creatinine and total protein in different groups. The letters a (*p*-value \< 0.05), b (*p*-value \<0.01) and c (*p*-value \<0.001)) indicate significant differences in different rat groups in comparison to the control (CN) group. The letters x (*p*-value \< 0.05), y (*p*-value \<0.01) and z (*p*-value \<0.001)) indicate significant differences in different rat groups in comparison to the diabetic (STZ-treated) group

Renal oxidative status {#Sec30}
----------------------

### Oxidative indicators, MDA and NO {#Sec31}

As expected, diabetes significantly (P \<0.001) impaired oxidative stability because MDA and NO levels were found to substantially increase by 329 and 148.5% compared to that of control rats. Treatment of diabetic rats with folic acid, melatonin, or both considerably restored the levels of MDA and NO to control values, especially in STZ + F + M rats (4.3 nmol/mg and 18 nmol/g, respectively), in comparison to that of control rats (2.9 nmol/mg and 15 nmol/g, respectively) (Fig. [6](#Fig6){ref-type="fig"}). Fig. 6Renal oxidative stress parameters in different rat groups. The letters a (*p*-value \< 0.05), b (*p*-value \< 0. 0.01) and c (*p*-value \<0.001)) indicate significant differences in different rat groups in comparison to the control (CN) group. The letters x (*p*-value \< 0.05), y (*p*-value \<0.01) and z (*p*-value \<0.001)) indicate significant differences in different rat groups in comparison to the diabetic (STZ-treated) group

### Levels of the antioxidants GSH, SOD and CAT {#Sec32}

On the opposite side, the antioxidant GSH, SOD, and CAT levels of diabetic control rats were found to significantly decrease (P \<0.001) in comparison with control values. Treatment of diabetic rats (STZ + F, STZ + M, STZ + F + M) significantly (P \<0.001) improved the concentrations of the antioxidant GSH, SOD and CAT levels in comparison to the diabetic control values of these parameters. Statistical analysis showed that STZ + F + M had superior improvements, returning to that of control levels (Fig. [6](#Fig6){ref-type="fig"}).

Cytokine levels {#Sec33}
---------------

Next, we estimated the levels of pro-inflammatory (TNF-α, IL-6) and anti-inflammatory (IL-10) cytokines (Fig. [7](#Fig7){ref-type="fig"}). Diabetes resulted in significantly (P \<0.001) elevated levels of TNF-α and IL-6 by 289 and 186% of control values. On the other hand, diabetes significantly decreased the level of IL-10 to 67% of the control value. Treatment of diabetic rats, notably STZ + F + M, significantly (P \<0.001) improved the levels of TNF-α, IL-6, and IL-10 (142.8, 125, and 145.8 pg/mL) in comparison to that of control rats (93, 102.5, 159 pg/mL). Fig. 7Plasma levels of pro-inflammatory (TNF-a and IL-6) and anti-inflammatory (IL-10) cytokines in different rat groups. The letters a (*p*-value \< 0.05), b (*p*-value \<0.01) and c (*p*-value \<0.001)) indicate significant differences in different rat groups in comparison to the control (CN) group. The letters x (*p*-value \< 0.05), y (*p*-value \<0.01) and z (*p*-value \<0.001)) indicate significant differences in different rat groups in comparison to the diabetic (STZ-treated) group

Renal histological study {#Sec34}
------------------------

Figure [8](#Fig8){ref-type="fig"}a depicts the normal histological structure of the kidney in the present study. The kidney sections of the diabetic rats showed severe shrinkage of the glomeruli with some vacuolation and lobulation (Fig. [8](#Fig8){ref-type="fig"}b; Table [1](#Tab1){ref-type="table"}). The urinary space appeared wider in this group than in the control rats. Slight edema of the tubular cells were more pronounced in the diabetic rats. The tubular cells were swollen with coarse pink cytoplasmic granules, especially in the cells of the proximal convoluted tubules. Renal tissues from diabetic rats treated with folic acid showed degeneration in some glomeruli, vacuolar degeneration in some tubular epithelial cells, and hemorrhage in the interstitial tissue. However, some sinusoids were filled with erythrocytes (Fig. [8](#Fig8){ref-type="fig"}c; Table [1](#Tab1){ref-type="table"}). Investigation of renal tissues from the diabetic rat treated with melatonin showed some tubules appeared normal while others showed vacuolar degeneration in tubular epithelial cells and cell debris in the lumen in some tubules. A few proximal, intricately folded tubule cells were observed as vacuolated and swollen (Fig. [8](#Fig8){ref-type="fig"}d; Table [1](#Tab1){ref-type="table"}). The kidneys of diabetic rats treated with folic acid and melatonin, showed normal structure in most of the tubules. Although a remarkable improvement was observed in this group with a slight histopathological alteration. Typical glomeruli structures with most of the tubules appeared normal. Only some tubular epithelial cells appeared to have vacuolar degeneration (Fig. [8](#Fig8){ref-type="fig"}e; Table [1](#Tab1){ref-type="table"}). The kidneys of diabetic rats treated with glibenclamide had normal structure with some changes. Interstitial hemorrhage with some blood sinusoids appeared to be filled with erythrocytes (Fig. [8](#Fig8){ref-type="fig"}f; Table 1). Fig. 8**a** A representative section of the kidney showing the normal appearance of the glomerulus (red arrow) and renal tubules (black arrow) in control rats. **b** A representative sections of the kidney of a rat treated with streptozotcin showing most of the glomeruli degenerated with wide urinary space (red star), while others showed lobulation (olive green arrow). Vacuolar degeneration in some tubular epithelial cells (yellow arrow). Sings of degeneration in the form of pyknosis (black arrow),and focal necrosis in some tubular epithelial cells. **c** A representative section of the kidney of diabetic rat treated with folic acid showing degeneration in some glomeruli (star), vacuolar degeneration in some tubular epithelial cells, destruction of brush border (arrow), and hemorrhage in interstitial tissue (yellow arrow). **d** A representative section of the kidney of diabetic rats treated with melatonin. Some tubules appeared normal and others with vacuolar degeneration in tubular epithelial cells (red arrow), and cell debris in the lumen in some tubules (blue arrow). **e** A representative section of the kidney of diabetic rats treated with folic acid and melatonin showing normal glomeruli (red arrow),and most tubules appearing normal. Some tubular epithelial cells with vacuolar degeneration ((yellow arrow) and hyaline cast in the lumen of some tubules (black arrow) were seen. **f** A representative section of the kidney of diabetic rat treated with glibenclamide showing normal structure of most of tubules, interstitial hemorrhage (curved arrow), and normal glomerulus (straight arrow). (Hx&Ex400) Table 1Histological score (−: no change) and (+++: severe damage) of the histopathological changes in the renal tissues in control rats and diabetic, diabetic treated with melatonin, folic acid and melatonin with folic acid or glibenclamideControlDMDM + MelatoninDM + Folic acidDM+\
Melatonin + Folic acidGlibenclamideDegeneratedglomeruli--++++++----Wide urinary space--+++++----Degenerated tubular cells--++++++----Swollen tubular cells--+++++++----Cells pink cytoplasm--++++++----Oedematous glomeruli--+++++----Interstitial haemorrhage--++----++

Discussion {#Sec35}
==========

The goal of the present investigation was to determine the efficacy of a folic acid and melatonin combination treatment to reduce nephrotoxicity in a STZ-induced diabetic rat model. Our findings are consistent with previous observations \[[@CR22], [@CR23]\] demonstrating that folic acid and melatonin exhibit anti-inflammatory activities and can remarkably improve glucose levels and restored levels of anti-oxidant enzymes. The antioxidant activity of natural products has several beneficial effects in the treatment of many diseases and disorders, including diabetes \[[@CR24]\]*.* We have previously found that the combination of melatonin and folic acid can reduce levels of liver injury markers induced by CCl~4~ and restore the redox status as well as normalized the inflammatory cytokines, lipid parameters, and cell survival Akt1 signals \[[@CR19]\].

Here, the combination of folic acid and melatonin showed a hypoglycemic effect in STZ-treated diabetic rats, which might have been due to increased levels of insulin and glucokinase as well as decreased levels of glucose-6-phosphatase in the plasma \[[@CR25]\]. Folic acid have been suggested to serve as a potential therapeutic agent against diabetic retinopathy by potentially suppressing angiogenesis, inflammation, and oxidative stress \[[@CR26]\]. Furthermore, folic acid can help reduce incidences of congenital malformations and would thereby normalize disturbances in several intracellular metabolic pathways that critically depend on an optimal level of intracellular folic acid, including methylation and remethylation of homocysteine \[[@CR27]\].

It is well accepted that hypertension, obesity, sepsis, liver failure, and diabetes are the main extrinsic factors in the pathogenesis of kidney damage \[[@CR28]\]. Also, hyperglycemia can result in the production of free radicals activation of macrophages, which generate inflammatory and profibrogenic mediators in target organs such as kidneys in diabetic patient. The overproduction of free radicals during the initial step in a chain of events leads to membrane lipid peroxidation and ultimately triggers apoptosis and necrosis \[[@CR29]\]. Previous studies have suggested that the mechanisms mediating renal cell death induced by nephrotoxicants and renal pathologies because of other reasons are similar and interrelated. For example, increased oxidative stress is one of the most commonly cited reasons for nephrotoxicity, which alters the glomerular function and renal blood flow \[[@CR30]\]. These events are also observed in diabetes-induced nephropathy \[[@CR31]\].

Nephrotoxicity, by definition, is the adverse effect of substances on renal function \[[@CR32]\]. The kidney contains nephrons that filter waste products from the blood, thereby maintaining an overall fluid balance in the body. This function helps in maintaining blood pH, as well as hormonal functions that promote the production of red blood cell, bone health, and regulation of blood pressure. Hence, loss of cells along any part of the nephron can compromise or alter any of its functions. The present experiment indicated some pathological changes in the kidney of diabetic rats particularly in the glomerulus and tubules. Diabetic-dependent nephropathy has been characterized by both ultrastructural and morphological alternations in the kidney \[[@CR33]\] It is also noteworthy that the proximal tubules in the kidneys are the primary targets of most nephrotoxicants. This can explain the pathophysiological alterations in the kidney functions observed in the current study. Here, the biomarkers of renal damage represented by levels of creatinine, urea, uric acid, electrolytes and proteins in the plasma and urine were significantly disturbed in diabetic rats in comparison to normal rats. Additionally, the administration of melatonin has been reported to alleviate experimentally induced acute kidney injury \[[@CR34]\].

The proximal tubule cells are susceptible to oxidant-induced injuries. Recent work has shown that changes in mitochondrial function and oxidative stress-responsive proteins, besides oxidant-induced cell signaling events, have a significant role in renal pathogenesis \[[@CR35]\]. Herein, we observed that diabetes resulted in impaired oxidative stability as indicated by the significantly increased levels of of MDA and NO as well as the compromised levels of the antioxidant proteins/enzymes (GSH, / SOD, and CAT) in the diabetic rats in comparison to that of control rats. Hyperglycemia causes oxidative stress in diabetes, which in turn leads to lipid peroxidation \[[@CR36]\]. MDA, which is a secondary product of lipid peroxidation, causes damage to the cell membrane components \[[@CR37]\]. The aldehyde groups of MDA is presumed to act as an anchor between sugar and protein moieties, thereby resulting in the formation of glycated proteins \[[@CR38]\]. This structural alteration may impair the protein function that leads to long-term complications of diabetes. Glycosylated hemoglobin can be used as a marker of overall glycemic control \[[@CR39]\]. During these cellular events, large amounts of ROS, nitrogen species, and other free radicals are produced in the diabetic subjects \[[@CR7]\]. Therefore, oxidative stress plays a pivotal role in renal dysfunction observed in this study.

Systemic inflammatory markers such as IL-6 and C-reactive protein are considered as reliable markers to assess nephropathy \[[@CR7]\]. Such inflammatory markers are considered as risk factors for developing diabetic complications \[[@CR40]\]. Here, we found that levels of TNF-α and IL-6 were significantly elevated in diabetic rats. ROS upregulates NF-κB that induces pro-inflammatory cytokines, such as IL-1ß, TNF-α and IL-6 \[[@CR41]\]. TNF-α is a critical mediator that dictates the inflammatory gene network involving the immune and inflammatory responses. Therefore, the overproduction of TNF-α causes pathological complications observed in many inflammatory diseases \[[@CR42]\]. Similarly, renal injury is linked to an enhancement of TNF-α gene expression in diabetic rats \[[@CR43]\]. Consequently, the overproduction of TNF-α triggers the systemic inflammatory response that consequently leads to organ failure as evidenced by disturbances in the levels of biomarkers in the present study.

Moreover, it has been well established that the combination of melatonin and folic acid is a potent combination that can help to maintain oxidative stability mediating the downregulation of NF-κB \[[@CR22]\] which then leads to the suppression of the inflammatory cascade as observed in the present study (Fig. [8](#Fig8){ref-type="fig"}). Renal injury markers were significantly decreased in animals receiving any of the two antioxidant agents. In this study, the amelioration of renal functions by melatonin and folic acid is mediated by an inhibition of oxidative stress and thus results in the suppression of NF-κB, which is the critical regulator of inflammatory production as a consequence. Its suppression results in the decrease in pro-inflammatory cytokines as well as an increase in anti-inflammatory cytokines such as IL-10.

It is well known that the elevated catabolic reactions leading to muscle wasting might be the cause for the reduced weight gain in diabetic patients and experimental animals \[[@CR44]\]. In the present study, it was anticipated that the co-administration of folic acid and melatonin would restored the body weight of diabetic rats to control levels by improving their glycemic index.

Dyslipidemia is considered to be involved in the progression of diabetic nephropathy. Diabetic dyslipidemia, because of the impaired action of lipoprotein lipase localized in the endothelial cells, and leads to increased serum levels of triglyceride (TG) and decreased HDL-C. The smaller size and modified LDL, such as glycated and oxidized LDL, play essential roles in inducing vascular and renal cellular dysfunction. Also, dyslipidemia has been attributed to macrophage infiltration and excessive production of extracellular matrix in the glomeruli in diabetic patients, leading to the development of diabetic nephropathy. Clinical studies have demonstrated that lipid-lowering therapy can confer a protective effect on renal function \[[@CR45]\]. In the present investigation, melatonin and folic acid showed a hypolipidemic effect, which may lead to a reduction in nephropathy. An earlier study has confirmed that the combination of melatonin and folic acid has a beneficial hypolipidemic effect in CCl~4~-treated rats \[[@CR19]\] as shown by the low concentrations of cholesterol, triglycerides, and LDL as well as the increase in HDL concentrations in the plasma. A similar pattern of results was observed in the present study. This effect may be related to the enhanced catabolism of cholesterol to form bile acids \[[@CR46]\] as well as, the inhibition of cholesterol synthesis and LDL receptor activity in the diabetic rats treated with the proposed combination \[[@CR47]\].

The combination treatment (folic acid and melatonin) showed significant efficacy in attenuating the elevated levels of cholesterol, triglycerides, and inflammatory indicators compared to the individual treatments., Furthermore the combination treatment has also been reported to have hypolipidemic, anti-inflammatory, and antioxidant effects \[[@CR19]\].

Conclusion {#Sec36}
==========

Melatonin and folic acid have been shown to ameliorate oxidative induced kidney damage by lowering levels of lipid peroxidation and stimulating the antioxidant defense system.

The hypoglycemic, antioxidant and anti-inflammatory properties of melatonin and folic acid render them appropriate agents to mitigate the development of diabetic renal disease. The ability of the two antioxidants particularly when combined, to normalize the kidney functional parameters and decrease histopathological changes was demonstrated in this study for the treatment of diabetic nephropathy.
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